We recently reported genome-wide significant linkage to chromosome 6q for bipolar disorder, in a study of 25 Portuguese families, using the Human Mapping Assay Xba 131 (HMA10K). To explore the generalizability of this finding, we reanalyzed our SNP linkage data according to the families' geographic origin. Specifically, the 25 families included 20 families from the Portuguese island collection (PIC; 15 families from the Azores Islands and 5 from the Madeira Islands) and 5 families from continental Portugal. Non-parametric linkage analysis (NPL) was performed as previously described and indicated that each of these subpopulations showed evidence of linkage for the same region. To further address the potential generalizability of these findings to other populations, we have also examined allelic heterozygosity in our subpopulations and in three reference populations (Caucasian, East Asian, and African-American). This analysis indicated that the PIC population is highly correlated to the Caucasian reference population (R ¼ 0.86) for all of chromosome 6. In contrast allelic heterozygosity was more weakly correlated between PIC and both East Asian (R ¼ 0.37) and African-American (R ¼ 0.32) reference populations. Taken together these observations suggest a shared genetic liability among Portuguese populations for bipolar disorder on chromosome 6q, and that the PIC population is likely representative of Caucasians in general. ß 2005 Wiley-Liss, Inc.
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We have recently reported genome-wide significant linkage non-parametric linkage analysis (NPL-Z ¼ 4.2) for bipolar disorder on chromosome 6q22 [Middleton et al., 2004] . This work was primarily based on families from the Portuguese Island Collection (PIC) (encompassing the Azores and Madeira Islands) but also included a small number of families from continental Portugal (n ¼ 5). Our finding on 6q complements the findings of the NIMH Genetics Initiative [see Dick et al., 2003; and published Erratum, 2003 ]. Those authors reported in a study of 250 families with bipolar disorder a maximum LOD of 2.2 at marker D6S1021 (104.7 MB) on chromosome 6q, that was subsequently raised to a genome-wide significant level of 3.8 in a combined analysis of all 399 pedigrees with bipolar disorder from their collection. This same marker produced the highest linkage signal in our original report of 16 families . However, in an expanded family set (n ¼ 25), using the HMA10K SNP assay, with far more complete coverage of this region, we identified a more telomeric peak NPL at 126 MB. This suggests that linkage to 6q may represent a shared genetic liability for bipolar disorder in both of these populations.
The PIC population is drawn from the Azores and Madeira Islands. These islands were settled more than 500 years ago almost exclusively by the Portuguese. The islands had no native population when they were first settled by Portugal in the early 1400s. The current population of Madeira is 300,000, and of the Azores is 249,000. To address whether families from these two archipelagoes share the same genetic forms of illness, we analyzed our recently reported linkage to chromosomes 6q for bipolar disorder in our Azorean families and in our Madeiran families, as well as, a small set of families from continental Portugal.
Our results indicate that families from all three Portuguese subpopulations appear to share this linkage to chromosome 6q. This evidence for disease homogeneity on the islands argues for treating this population as one. Moreover, this finding has proven generalizable to mainland Portugal and possibly other European and European-American populations.
We performed two primary analyses. In the first, we specifically sub grouped the 25 families from our original report based on their geographic origin. Their origin was defined through probands with both parents and all four grandparents being from the same geographic origin (thus, families had to have three consistent generations to be considered from that population base). All 25 families in our original report could be classified by these criteria into:
In the second analysis, we compared allelic heterozygosity between populations. We included all subjects for which we had HMA10K data. For this analysis, members of 35 families were included. Family origins were: Azorean (n ¼ 20), Madeiran (n ¼ 9), and continental (n ¼ 6). The average number of subjects genotyped per SNP from these populations was: Azorean (n ¼ 103), Madeiran (n ¼ 47), and continental (n ¼ 40). These genotypes were further compared to genotype data obtained from three Affymetrix reference populations (Caucasian (n ¼ 42), East Asian (n ¼ 20), and African-American (n ¼ 37) [Matsuzaki et al., 2004 ; reference data are available for free download at http://www.affymetrix.com/Auth/analysis/downloads/taf/Mapping10K_Xba131_annot_csv.zip].
Methods for subject ascertainment and classification are the same as previously described . Families with two or more affected individuals were ascertained from systematic screening of all treating clinicians, treatment facilities, social services, and extensive family interviews. Informed consent was obtained in writing from all subjects for participation in the genetic and family studies. Best estimate diagnoses were made according to DSM-IV.
DNA was isolated and processed as previously described [Middleton et al., 2004] . Genotype data were obtained on each subject for approximately 11,195 SNPs with known cytogenetic coordinates based on the HMA10K SNP assay. We used MERLIN (Multipoint Engine for Rapid Likelihood Inference) software [Abecasis et al., 2002 ] to perform multipoint NPL of the subsets of families used in this report, and also to calculate heterozygosity for each SNP. The NPL-Z scores from the MERLIN runs were used to generate graphical plots. All data presented are plotted using physical positions specified in the July 2003 freeze of the human genome assembly (http:// genome.ucsc.edu/).
We determined the heterozygosity of all SNPs in the HMA10K SNP assay. These data were used to assess correlations between each of the Portuguese cohorts for the entire genome. Further, we compared chromosome 6 heterozygosity correlations among and between the Portuguese cohorts and the three Affymetrix reference populations [Matsuzaki et al., 2004] to determine whether there were significant differences between them using the Fisher's R to Z test (with 675 dof).
The results of the genome-wide linkage analysis for the Portuguese 25 family data set are presented in Figure 1 (as the plot in black labeled ''All Portugal;' ' Middleton et al., 2004] . This analysis provided further validation of the finding on chromosome 6q22 [initially reported in , achieving a maximum NPL of 4.20 (P ¼ 0.00001) and maximum LOD of 3.56 (P ¼ 0.00003) at position 126 MB. This peak and the surrounding region of chromosome 6 that exceeded the threshold for suggestive genome-wide significance (NPLs > 2.89) were interrogated by a total of 38 SNPs, with an average inter-SNP distance of 0.20 MB [Middleton et al., 2004] .
The population was then analyzed for each specific subpopulation. We have defined the PIC as a population of subjects from the Azores and Madeira islands. This combined subpopulation includes 20 families. These families yield strong evidence for linkage with a NPL of 3.71 in the exact same region (Fig. 1, PIC) . Further dividing the PIC population into the two archipelagoes revealed consistent evidence for linkage to this region. The Azorean families (n ¼ 15) again supported linkage with a NPL of 3.18 (Fig. 1, Azores) . The Madeiran families (n ¼ 5) also showed evidence for linkage with a NPL of 1.94 (Fig. 1, Madeira) . Even the continental families that had been part of our pilot studies proved to provide evidence for linkage in this region with a NPL of 2.0 (not shown). As is clearly demonstrated all of the population subgroups in our sample contribute to the overall significant linkage finding on chromosome 6q (Fig. 1, all Portugal) .
To further characterize the population of the Portuguese islands (PIC) that we have used for these and other studies of complex disorders, we examined genome-wide genotype data on each subject for all the mapped SNPs in the HMA10K assay. In Table I , we present the heterozygosity correlations for all of chromosome 6 between the PIC population, the Azores, and Madeira, and contrast them to correlations to continental Portugal, and the three Affymetrix reference populations.
Genome-wide, we observed a high heterozygosity correlation between the Azores and Madeira (R ¼ 0.74). More specifically, on chromosome 6, heterozygosity for the Azorean and Madeiran populations was similarly correlated (R ¼ 0.71). Furthermore, heterozygosity on chromosome 6 in the PIC population, as a whole, was highly correlated to the Affymetrix Caucasian reference population (R ¼ 0.87). In contrast, the PIC population was only weakly correlated with either of the other two Affymetrix reference populations; East Asians (R ¼ 0.37) and African-Americans (R ¼ 0.32) ( Table I) . We compared chromosome 6 correlations, using the Fisher's R to Z test (with 675 dof), and found significant differences between the high correlation with Caucasians and low correlations with East Asians (Z ¼ 18.4, P < 10
À6
) and African-Americans (Z ¼ 19.5, P < 10 À6 ). Interestingly, both the Asian and African-American reference populations displayed similar weak correlations to the PIC population (Z ¼ 1.2, P ¼ 0.25). We present a plot of allelic heterozygosity in the PIC population and the Caucasian reference population across the region of maximal linkage on chromosome 6q (120-130 MB) (Fig. 2) .
The choice of the Portuguese island population (PIC) for our studies is based on the hypothesis that the population is characterized by a higher degree of disease homogeneity than populations found in the United States. The geographic isolation may prove to have resulted in a higher percentage of families sharing the same genetic risks for bipolar disorder, possibly the same forms of illness, than in less isolated Fig. 1 . Common linkage to chromosome 6q22 in Portuguese subpopulations. Non-parametric linkage analysis (NPL) of multiple families from the Azores (n ¼ 15), Madeira (n ¼ 5), and combined (PIC) families produces linkage peaks on 6q22 that completely overlap with that of the complete 25 family set (all Portugal), which included five families from the continental Portuguese population. These data argue in favor of a shared genetic liability for bipolar disorder on chromosome 6q22 in these subpopulations.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.] populations. This may, in fact, be the case for a number of complex disorders that may encompass a number of different subtypes. Furthermore, in our studies of schizophrenia, linkage signals on chromosomes 5q and 8p [Sklar et al., 2004] were detected in both the Azorean families and Madeiran families providing evidence for shared disease homogeneity in the two PIC subpopulations. Our studies in the Portuguese Island population have been quite successful at identifying replicable genetic linkages in complex disorders. However, it is important to determine whether our findings can generalize to broader populations. Therefore, we carried out studies to determine whether the PIC population offers a specific genetic architecture that might facilitate the positional cloning of candidate genes. In the present study, we have explored these questions in two fundamental ways: genome wide genetic diversity and replicability of specific linkage findings.
When we examined maximal linkage scores in each of the subpopulations a number of suggestive and even more nominal linkage peaks are identified. A few were comparable or even exceeded the chromosome 6q signal in each population. However, chromosomes 6 and 11 are the most consistent findings in the combined set [Middleton et al., 2004; .
The present report clearly demonstrates the common finding of linkage for bipolar disorder to chromosome 6q in the three different Portuguese subpopulations, in the PIC population as a whole, as well as in the overall Portuguese population (Fig. 1) . The complete overlap of the linkage signals from these populations causes this linkage signal to be the most significant in the combined 25 family set, and the only one that reaches genome-wide significance [Middleton et al., 2004] .
Our analysis of heterozygosity correlations between populations provides a basis for exploring the potential generalizability of chromosome 6q linkage for bipolar disorder in other populations. We found highly significant correlations between the PIC populations, but more importantly the PIC population was found to be highly correlated with Caucasians. Furthermore, to date we have not detected any difference in the common haplotype frequencies between the PIC population and western European reference populations (i.e., CEPH data set). Collectively these observations suggest that linkage findings from the PIC population may well be generalizable to European and North American Caucasian populations, and also support the value of this population for follow-up studies.
As an example of the generalizability of our findings in the PIC population, we point out the combined analysis of the NIMH waves 1-3 bipolar families (399 pedigrees) produces a genome-wide significant LOD score of 3.8 on chromosome 6q at marker D6S1021 (104.7 MB) (see Dick et al., 2003; and published Erratum, 2003) . As we noted, D6S1021 was also the microsatellite that produced our maximal linkage signal on chromosome 6 in our 10 cM genome scan . Additional microsatellite markers spanning the region began to demonstrate a telomeric shift in the position of this peak that was clearly evident with the much higher resolution SNP based assay [Middleton et al., 2004] . We believe that a higher resolution examination of this region in the NIMH families, as well as in other populations, may well further confirm and define the location of this linkage.
In conclusion, the genome wide significant linkage for bipolar disorder to chromosome 6q22 is a product of contributions from all of the Portuguese subpopulations. The striking overlap in the linkage signals from each of the component populations further strengthens this observation. Our examination of population architecture suggests that the Azores and Madeira (PIC) can be appropriately considered a single population. Moreover, findings obtained in this population may well generalize to western European and North American Caucasians. Fig. 2 . High similarity of heterozygosity between PIC and Caucasian populations. The average heterozygosities of the SNPs on chromosome 6 were found to be highly similar between the PIC population and North American Caucasians (R ¼ 0.87), that was clearly evident in the region spanning the 6q linkage peak for bipolar disorder. This observation suggests that findings in the PIC population may generalize to other populations.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
